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(57) ABSTRACT

The mvention provides a system and process of patterning
structures on a carbon based surface comprising exposing
part of the surface to an 10n tlux, such that material properties
of the exposed surface are modified to provide a hard mask
cifect on the surface. A further step of etching unexposed
parts of the surface forms the structures on the surface. The
inventors have discovered that by controlling the 1on expo-
sure, alteration of the surface structure at the top surface
provides a mask pattern, without substantially removing any
material from the exposed surface. The mask allows for sub-

sequent 10n etching of unexposed areas of the surface leaving,
the exposed areas raised relative to the unexposed areas thus
manufacturing patterns onto the surface. For example, a Ga+
focussed 10n beam exposes a pattern onto a diamond surface
which produces such a pattern after 1ts exposure to a plasma
ctch. The invention 1s particularly suitable for patterning of
clear well-defined structures down to nano-scale dimensions.

16 Claims, 5 Drawing Sheets
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PROCESS AND SYSTEM FOR FABRICATION
OF PATTERNS ON A SURFACE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a national phase application under 335
U.S.C. §271 of international application no. PCT/EP2009/

004846, filed on Jul. 3, 2009, which claims priority to and the
benefit of U.S. provisional patent application No. 61/079,
895, filed on Jul. 11, 2008, and EP 08104722.7, filed on Jul.

11, 2008, the entire contents of each of which are hereby
incorporated by reference herein.

FIELD OF THE INVENTION

The mvention relates to a system and process for the fab-
rication of patterns on a mechanically hard surface and in
particular carbon based surfaces. In particular the invention
provides a system and process for the fabrication of sharp,
precise and high aspect ratio three dimensional patterns on a
surface, for example a surface of a diamond, with dimensions
ranging from nanometers to centimeters.

BACKGROUND TO THE INVENTION

It 1s known to provide Patterning for Nanoimprint Lithog-
raphy (NIL) of surfaces, including diamond flat surfaces. A
problem with patterning diamond surfaces 1s that 1t 1s very
difficult to create complex nano-scaled structures on diamond
surfaces, particularly for features such as, any surface pattern
more complex than a straight line or mesas or line structures
with extreme surface smoothness. It is especially problematic
for nano-structures that require the characteristics of smooth
vertical side walls, and a high height to width aspect ratio.

Typically to provide conventional patterning of diamond
surface a process called direct Focused Ion Beam (FIB) 1s
used, usually of the order pico or micro amps over an area of
100 nm*. A number of papers disclose a process for diamond
patterning for subsequent use 1 NIL. For example, a paper
published by Tamiguchi J., Tokano Y., Miyamoto I., Komuro
M., Hiroshima H., “Diamond Nanoimprint Lithography”,
Nanotechnology 13, page 592 (2002) discloses how to suc-
cessiully pattern diamond structures for the purposes of
nanoimprint lithography. The process disclosed involves
exposing the diamond surface coated 1 an electron beam
resist to a lithographic pattern generated by an electron beam.
The resist 1s then developed and the exposed diamond is
subjected to an oxygen Reactive Ion Etch (RIE) which sub-
sequently forms the patterned diamond mould. Typical pat-

tern sizes are of the order of 2.0 um can be produced on a
diamond surface.

Another paper by Ando Y., Nishibayashi Y., Furuta H.,
Kobashi K., Hirao T., Oura K., “Spiky Diamond field Emiut-
ters”, Diamond and Related Materials 12, page 1681 (2003)
used a similar method to produce diamond field emaitter tips.
Rather than using a resist as a masking agent, aluminium
spots were deposited onto the surface via conventional photo
lithography. With this technique approximate 1.5 um spots 1n
s1ze can be successiully applied to the surface. Another mask-
ing method discloses depositing metal on a diamond substrate
to form a mask and subsequent Reaction Ion Etching (RIE)
using an oxygen plasma, see for example disclosure in
JP63220524. It has been found that 1t can be technically very

difficult to deposit metal 1n the nano-scale. Such a deposition

10

15

20

25

30

35

40

45

50

55

60

65

2

also requires a number of steps that are technically very
complex to perform and achieve complex structures with
dimensions in the nano-scale.

Stanishevsky A., “Focussed 1on beam patterning of dia-
mond like carbon films™ Diamond and velated Materials 8
page 1246 (1999) demonstrates patterning of diamond like
carbon films by allowing a Ga™ 1on beam to sputter material
that 1s exposed to the beam. When removing material across
a large surface area, such sputtering has the disadvantage of
being very time consuming relative to plasma etching. When
milling to obtain elevated features uses a positive exposure
(which 1s usually a larger area) which requires that far more

material be removed.
Bottcher A., Heill M., Stiirzl N., Jester S. S., Malik S.,

Perez-Willard F., Brenner P., Gerthsen D., Kappes M. M.,
“Nanostructuring the graphite basal plane by focused 1on
beam patterning and oxygen etching”, Nanotechnology 17
p5889 (2006) uses the combination of Ga™ 1on beam pattern-
ing and oxygen etching to obtain a patterned structure on a
graphite surface. The function of the Ga+ 1on beam 1s simply
to 1increase the graphite surface susceptibility to the oxygen
plasma etch where the beam strikes. A number of problems
ex1st with this process. The oxygen etching 1s 1n the form of a
high temperature (500° C.-700° C.) reaction with oxygen gas.
The process utilises a positive exposure to the graphite rather
than a negative exposure, thus the oxygen etch merely
enhances the 1on milling effect.

Nano-imprinting with Patterned Diamond potentially has
many applications, for example in the microelectronics
industry. There 1s a need 1n the microelectronics industries to
provide a highly re-producible, low cost method for produc-
ing circuits, nanowires or transistors. The use of patterned
diamond NIL stamps to form etch masks 1n resist layers for
microelectronic circuit construction by lithographic process-
ing 1s one way to address this problem.

The imprinting of micro- and nano-scaled patterns over
large areas to produce high thermal conductivity interfaces 1s
desirable 1n the industry, similar to that described by Brun-
schwiler et al. (2005)—Brunschwiler T., Kloter U., Linder-
man R., Rothuizen H., Michel B., “Hierarchically Nested
Channels for Fast Squeezing Interfaces with Reduced Ther-
mal Resistance”, 21st [IEEE SEMI-THERM Symposium
(2005). The generation of these interfaces 1s of particular
interest to the microelectronics industry as the chip/transistor
power density 1s currently being restricted by the rate of heat
transfer across such interfaces.

European Patent Publication Number EP 0 400 791
describes a method specifically to fabricate “device func-
tional materials” or “circuitry of interconnected devices™
using two sequential processes. The first process uses irradia-
tion, using accelerated 10mns, to create a surface modification,
normally resulting in the removal of a masking layer, (i.e. of
“a surface free of a masking layer greater than 100 nm”).
Followed by a second process, uniform irradiation which
selectively modifies areas exposed by the first process which
results 1n a surtace modification. This European patent
requires a “masking layer” in which the “surface modifica-
tion” 1s the local removal of this masking layer aided by the
focussed 1on beam exposure. The absence of this layer allows
the selective modification which 1s etching material from the
exposed areas where 1t 1s not protected by a mask.

A paper published by Wang et al in American Institute of
Physics, Melville N.Y. Vol. 36, no. 8, 19 Feb. 1990, pages
749-751 describes a positive masking process, not dissimilar
from that described 1n EP 0 4 00 791. Japanese patent publi-
cation number JP 63 281488 describes a process, very similar
that described in EP 0 400 791 and Wang, whereby conver-




US 8,524,100 B2

3

gent beam of 10ns are used to create an amorphous layer over
the area the beam 1s scanned. This amorphous layer 1s then
selectively etched. In the example given the pattern 1s applied
to a GaAs substrate, using a S1 1on beam at 200 kV and the
etch 1s wet using HCI above ambient temperature. The appli-
cation 1s specifically to create line structures for a diffraction
grating.

Another publication by NTIS TECH NOTES, US Depart-
ment of Commerce, Springfield, Va., US, 1 Aug. 1988, page
640, 01/02 describes a process to create a mask to photo-
chemical etching from the surface of a semiconducting sub-
strate by changing the local electrical properties of the sub-
strate via 1on implantation. The etch 1s specifically using a gas
with a “low concentration of a highly reactive gas™. In the
specific description given, Cl 1s the reactive gas where pho-
tochemical etching 1s induced by a laser which 1s applied to a
(GaAs substrate.

European Patent Publication No. EP 0 321 144 describes

both positive and negative patterning to create semiconductor
devices from multi-layer structures. The description makes
reference to at least one layer being a pre-deposited mask
which 1s essential. In examples given, the 1on beam patterning,
referred provides a means of removing a layer below this first
masking layer, not as a modification of the surface.

Another paper, Rennon et al, published 1n Microelectronic
Engineering, Elsevier Publishers BV, Amsterdam, NL, vol.
57-58, pages 891-896, 2001 describes a method for pattern-
ing InP via the creation of a positive mask from the InP due to
the implantation of Ga 1ons accelerated at 100 kV into the
sample. It also requires a hot HF wet etch 1s required. Another
paper published by Brugger et al in Microelectronic Engi-
neering, Elsevier Publishers BV, Amsterdam, NL, vol. 35,
pages 401-404, 1997 describes a positive masking process,
where a Ga 1on beam creates a mask/selective (wet) etch from

KOH when applied to Si.

PCT patent publication number WO03/056611 describes a
resistless method to create a semiconducting mask by doping,
a carrier material with an 10n beam implantation then expos-
ing 1t to a wet chemical etch to remove the undoped material.
The process relies on a semiconducting layer to act as a hard
mask, which 1ts self can be the carrier layer. The 10on beam
elfect relies on the doping of this semiconducting layer.

U.S. Pat. No. 5,580,419 describes a system to create inte-
grated circuits using an 1on beam. This system includes the
steps: vacuum system and mounting system to transport
walers between chambers, and an 1on beam to carry out the
processes of FIB etching, Gas assisted 1on beam etching and
ion doping.

U.S. Pat. No. 4,622,918 discloses a processing chamber
and means of transporting walers between different process
which can be applied within the single high vacuum chamber.

US patent Publication Number US2008/038926 discloses
a treatment to an existing masking layer to enhance feature
properties alter subsequent etching. It creates part of a pro-
cess of patterning a thin film which 1s coated by a masking
layer (presumably pre-patterned by traditional resist based
techniques). The enhanced masking layer protects the sub-
strate from etching via an electron beam assisted plasma,
primarily comprising of CxHy gasses. The context of the
process 1s semiconductor/microelectronic processing.

It will be appreciated that many of the citations above are
applicable to the semiconductor industry and producing inte-
grated electronic circuits only and are not related to carbon
based or otherwise hard surfaces. Other applications of pat-
terming surfaces that suffer from the above mentioned prob-
lems and required complex processes to manufacture include:
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Microelectromechanical systems (MEMS),
Photonics e.g. waveguides, or other microelectronics e.g.

similar to those described by Ando Y., Nishibayashi Y.,
Furuta H., Kobashi K., Hirao T., Oura K., “Spiky Dia-
mond field Emitters™, Diamond and Related Materials
12 page 1681 (2003).

Precious gemstone/diamond marking, for example as
described 1n U.S. Pat. No. 6,391,215 by James Gordon
Charters Smith et al. (2002).

Heretofore, no process had been proposed to produce
sharp, precise and high aspect ratio three dimensional scaled
patterns on a carbon-based surface, for example a diamond
surface, using a simple process to overcome the above men-
tioned problems.

SUMMARY OF THE INVENTION

The present invention provides, as set out 1n the appended
claims, a process of patterning structures on a carbon based
surface comprising exposing part of the carbon based surface
to a Ga™ or other energetic 1on flux, such that material prop-
erties ol the exposed carbon based surface are modified to
provide a hard mask eflect at the surface; and etching unex-
posed parts of the surface to form said structures, wherein
said step of etching uses a plasma. The inventors have dis-
covered that by controlling the Ga+ 10on exposure alters the
crystal and/or atomic structure of the top surface to provide a
mask pattern or hard mask pattern, without substantially
removing any material from the exposed surface. Ideally the
step of 10n exposure uses a Focussed Ion Beam (FIB) expo-
sure. The hard mask allows for subsequent etching of unex-
posed areas of the surface, for example using an oxygen
plasma, to produce patterns on a surface.

Suitably, the exposure comprises the step of using a low
dose of Ga™ 1on exposure. The present invention found that,
unlike conventional FIB milling, smaller 1on currents (and
doses) are needed to expose the surface than would otherwise
be required for a FIB milling over a large area. It was found
that these smaller 10n currents inherently maintain a signifi-
cantly higher resolution (approximately by a factor o1 10) and
require a much shorter exposure time (approximately by a
factor of 100).

In one embodiment the Ga+ 1on exposure alters the struc-
ture of the top of said carbon based surtace to provide the hard
mask effect on the surface subject to the exposed pattern, and
without substantially removing any material from said sur-
face.

In one embodiment there 1s provided the step of controlling
the Ga+ 10on exposure to alter the crystal and/or atomic struc-
ture ol the top of the carbon based surface to provide a
negative mask.

In one embodiment, 1n response to said Ga+ 10n exposure,
a thin layer of oxide 1s formed comprising metal oxide, for
example gallium oxide or 1ron oxide, on said exposed carbon-
based surface to form a negative mask to provide said hard
mask effect.

In one embodiment the atomic structure of said carbon
based surface swells 1n response to said Ga+ implantation, to
produce said negative mask.

In one embodiment the hard mask effect 1s formed on a
carbon based surface by energetic conversion of sp3 carbon
bonds to lower energy state sp2 bonds at the surface.

It will be appreciated that the invention provides a simple
process for the fabrication of sharp, precise and high aspect
ratio three dimensional nano-scaled patterns on a surface, for
example patterning nano-scaled structures on a diamond sur-
face. Its basic capabilities are similar to those of conventional
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Focussed Ion Beam (FIB) patterning of diamond with the
advantages of being exceptionally more efficient at the high-

est FIB resolutions, and avoiding common artefacts associ-
ated with milling large areas. The mvention 1s particularly
suitable for patterming nano-scale structures on a diamond
surface.

In a preferred embodiment the oxygen plasma etching 1s
performed at room temperature. Due to the low 1on exposure
dose 1t 1s possible to carry out the etching at room tempera-
ture. Ideally the plasma consists of a mixture of oxygen and
tetrafluoromethane (CF4), oxygen and hexafluoroethane
(C2F6), or oxygen and sulphur hexatluoride (SF6) plasma.

It will be appreciated that the Ga™ exposure implants Ga™
ions 1n the top layer of the surface. Typically the Ga™ 1ons are
implanted 1n the surface up to a depth of approximately 30
nm.

Suitably, the Ga™ 1on exposure alters the atomic and/or
crystal structure of the top of said surface to provide a mask
pattern, without substantially removing any material from
said surface. Ideally, the 1on exposure uses an approximately
30 kV Ga* FIB beam value or lower. Preferably, the 1on
exposure comprises a FIB 1on beam having a spot size of less
than 10 nm.

In another embodiment of the invention there 1s provided a
process ol patterning structures on a surface comprising
exposing part of the surface to a Ga* or He™ 10n exposure,
such that material properties of the exposed surface are modi-
fied to provide a mask effect at the surface; and etching
unexposed parts of the surface to form said structures.

In a further embodiment the imnvention provides nano-struc-
tures produced on a diamond surface by exposing part of the
diamond surface to a Ga™ 1on exposure, such that material
properties of the exposed surface are modified to provide a
mask effect surface; and etching unexposed parts of the sur-
face to form said structures.

In yet a further embodiment of the present invention there
1s provided a system for controlling a process of patterning
structures on a surface, said system comprising: means for
exposing part of the surface to an energetic 1on flux, such that
material properties of the exposed surface are modified to
provide a mask effect at the surface; and means for etching
unexposed parts of the surface to form said structures.

It will be appreciated that in addition to enhancing many
existing FIB techniques applied to diamond, the mventive
FIB patterning exposure can be used to fabricate; stamps for
the imprint fabrication of nano/microelectronic circuits or
other devices, highly stable electron emitter tips for field
emission display devices, and any number of applications for
jewellery, for example for producing 1dentifiable patterns on
a gemstone surface for security or inventory purposes.

There 1s also provided a computer program comprising
program instructions for causing a computer program to carry
out the above method which may be embodied on a record
medium, carrier signal or read-only memory.

BRIEF DESCRIPTION OF THE DRAWINGS

The mvention will be more clearly understood from the
following description of an embodiment thereof, given by
way ol example only, with reference to the accompanying
drawings, 1n which:—

FIG. 1 1s a schematic of the mventive fabrication system
and process according to the present mvention;

FIG. 2 1illustrates a transmission electron microscope
analysis, including electron diffraction, EELS EDX and
bright field imaging ofthe cross-section of a masked diamond
region according to the mvention;
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FIGS. 3A & 3B illustrate a diamond single crystal prepared
as a flat surface by FIB milling, according to the invention;

FIG. 4 1s a Scanning Flectron Microscope (SEM) image of
patterns implanted onto the flat diamond surface demonstrat-
ing the capabilities of the of a FIB beam;

FIGS. SA & 5B illustrate mask patterns on a diamond
surface after a FIB beam and before plasma etching, accord-
ing to the mvention; and

FIGS. 6 A & 6B illustrates close-up nano-structure patterns
formed shown 1n

FIGS. 5A &5B after plasma etching.

DETAILED DESCRIPTION OF THE DRAWINGS

The operation of the present invention will now be
described 1n relation to the production of nano-scale patterns
on a carbon based surface, for example a diamond surface, 1n
order to best describe the operation of the invention 1n detail.
It will be appreciated that the process of the present invention,
using 1on exposure for providing a mask pattern, can be
applied to any carbon based surface to produce any size of
pattern according to the application required.

Referring now to FIG. 1 there 1s 1llustrated the two step
process for the nano-fabrication of patterned carbon based
surface, for an example a diamond surface, that consists of
Ga™ FIB patterning, or lithography, followed by an etching,
for example a reactive 1on etch 1n an oxygen plasma to form
the patterned structures according to the present invention.
The oxygen plasma etching 1s preferably performed at room
temperature.

In a preferred embodiment the starting material 1s a flat
single crystal diamond substrate or substrate. Step 1 of the
process mvolves patterning the surface with a Ga™ FIB. The
incident 10n beam (light shading) alters the crystal structure
of a sub-surface region (dark shading) containing implanted
Ga™ which acts as a hard mask to the etching in Step 2. In Step
2 the patterned surface 1s exposed to a reactive 10on etch using
an oxygen or argon plasma. The resulting structure 1s formed
with the masked/patterned area un-etched and raised relative
to the un-patterned diamond. The Ga+ 1on exposure alters the
structure of the top of the carbon based surface to provide the
hard mask effect on the surface subject to the exposed pattern,
without substantially removing any material from the surface.
By controlling the Ga+ 1on exposure at a low dosage alters the
crystal and/or atomic structure of the top of the carbon based
surface to provide a negative mask. In response to Ga+ 1on
exposure a thin layer of oxide comprising metal oxide, for
example galllum oxide or 1ron oxide, on the exposed carbon-
based surface forms the negative mask to provide the hard
mask effect.

FIG. 2 1llustrates a High Resolution Transmission electron
microscope (HRTEM) analysis, including electron diffrac-
tion, EELS EDX and bright field imaging of the cross-section
of a masked diamond region according to the mvention. The
EELS spectra of the surface ~3 nm shows the presence of
oxygen forming the mask layer. EDX and electron difiraction
patterns confirm the mask sublayer (~30 nm) 1s an amorphous
mixture of Ga and C, and that the etched feature 1s crystalline
diamond. Ultra-smooth surfaces of the etched diamond fea-
ture are formed, as shown. In addition, FIG. 2 shows detailed
specification of target carbon based surfaces. The carbon
based surfaces should be interpreted to mean any material
whose structure contains a network of SP3 bonds, including;:
Single crystal diamond, polycrystalline diamond, nanocrys-
talline diamond, chemical vapour deposited (CVD) diamond,
diamond-like carbon (DLC), doped versions of single crystal,
polycrystalline, nanocrystalline, CVD diamond, DLC (eg.
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Industry standard nitrogen, phosphorous, and boron doped
diamond), graphite, graphene, fullerene based matenals
including single wall carbon nanotubes, multiwall carbon
nanotubes, buckyballs, bucky-onions and cubic Boron
Nitride.

The starting material used 1n the present invention 1s com-
mercially available single crystal diamond. The flat diamond
surfaces can be prepared, for example as follows:

The substrate 1s coated with a thick layer of gold to enhance
the conductivity in the areas around the diamond in order
for it to be sculpted and viewed with gallium (Ga™) ion
and scanning electron beams (respectively).

The crystal 1s milled with approximately 30 kV Ga™ ion
beam such that a tlat surface 1s produced, as depicted 1n
the schematic in FIG. 1. During this step, the surface 1s
exposed to the FIB however such that only a minimal
amount of 1on beam damage or galllum 1mplantation
needs to be mtroduced to the sample, or at any signifi-
cant depth, as the 1on beam was incident parallel to the
final surface.

An 1mage of the diamond single crystal with a surface
prepared by the method of the invention can be seen in FIG. 3
“A”. A higher magnification 1mage of (in this case) a flat
triangular surface 1s shown 1n FI1G. 3 “B”. This 1s the area that
comprises the final patterns after Step 2.

FIG. 1 shows a starting carbon based material as 1llustrated
in FIG. 3 which 1s a diamond single crystal prepared as a flat
surface by FIB milling. “A” shows a lower magnification
image of the prepared crystal with the arrow indicating the
normal of the target surface. “B” shows a higher magnifica-
tion 1image of the flat triangular surface which can be used for
patterning the nano-structures.

The first step of the process, 1.e. “Step 17 1in FIG. 1, 15 to
expose the flat surface of the starting material to a Ga™ FIB, as
indicated by the light shading. The FIB uses a 30 kV Ga™
beam which has a spot size potentially down to approximately
2.5 nm, or even lower depending on the size constraints of the
technology. The 1on beam alters and/or damages the crystal
structure of the diamond and also mtroduces Ga impurities
near the diamond surface, in the area indicated by the dark
shading 1n FIG. 1 “Step 1”. One (or both) of these effects
contribute to the mechanism that ultimately results in the
masking of the diamond from the oxygen plasma etch which
creates the final patterned surface.

The 1on beam can be rastered across the prepared surface to
expose shallow, complex patterns 1n the surface from which
high quality, high aspect ratio shapes will ultimately be
tormed by the second step of the process.

These standard FIB patterning and lithography techniques
are well established and extensively used in the research
community and microelectronic fabrication industries alike.
The mventors of the present application found that unlike
conventional FIB milling, smaller 1on currents (and doses) are
needed to expose the surface than would otherwise be
required for a FIB mill to produce an equivalent pattern. It was
found that these smaller 10on currents maintain a significantly
higher resolution (approximately by a factor of 10) and
require a much shorter exposure time (approximately by a
factor of 100).

In a preferred embodiment of patterning, by patterning-
step exposure and implantation by reactive 1ons such as gal-
lium or indium, the masking effect in the subsequent plasma
ctch step may by facilitated by the formation of a metal oxide
layer when exposed to an atmosphere containing oxygen at
the surface that 1s highly resistant to the etch process, as
shown in FIG. 4. The use of both reactive (oxygen) and
non-reactive (argon) species, during the plasma etch step
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reveal the pattern 1llustrating that the layer acts as a negative
mask to both reactive 1on and physical sputtering modes of
ctching.

The masking effect may be enhanced by the significant
amount of strain itroduced into the implanted surface layer
of the diamond or other lattice (~30% linear expansion in the
case o1 30kV Ga™ implanted diamond or amorphous carbon).
This expansion allows the lattice to hold a significant amount
of Gallium or indium as part of the masking layer (1.e. mask-
ing sublayer). It will be appreciate that the strain 1tself does
not form the masking layer. The lattice expansion allows the
surface layer to store a significant amount of Ga thus
increases the capacity of the surface layer to act as a mask.

It will be appreciated that 1n the case of exposure of a
diamond surface to non-reactive ion species, including He
ions, the mask may be formed by local conversion of sp3
carbon bonds lower energy state sp2 bonds which are less
susceptible to subsequent reactive 10n etches such as oxygen
101S.

FIG. 4 shows an 10n beam patterned surface demonstrating
line widths of 30 nm. This 1s approximately half the size of
transistor gate and nanowire line widths that are currently
being produced 1n the manufacture of microelectronic cir-
cuits. It 1s anticipated that this dimension can be reduced to
less than 10 nm using the current process of the present
invention. The dimensions produced are constrained by the
current technology in FIB instrumentation. FIG. 4 1llustrates
Scanning Flectron Microscope (SEM) 1mage of patterns
implanted onto the flat diamond surface demonstrating the
capabilities of the FIB beam producing a 30 nm line width. In
this 1instance, a 10 pA beam current was used. Ion flux den-
sities for the lines were in the region of 2x10"> Ga ions/cm”.

The second step of the technique mvolves exposing the
surface to an oxygen plasma, as depicted 1n FIG. 1 “Step 2”.
This oxygen plasma prompts reactive 1on etching of the dia-
mond surface. The areas not exposed to the 1on beam are
selectively etched leaving surface regions containing the 1ni-
tial patterned areas raised (1.e. not etched) relative to the
un-exposed areas (etched). In other words, exposure to the 1on
beam forms a mask against plasma etching leading to a topog-
raphy inverted pattern.

In application to the fabrication of patterns for nano-1m-
print lithography of microelectronic circuits, the production
of an 1nverted pattern 1s a significantly more etficient means
of producing a stamp than conventional FIB milling. In this
instance only the circuits themselves need to be exposed
which represents a minority of the total surface area. For
conventional known FIB milling the other (majority) area
needs to be exposed which requires larger milling areas and
hence longer milling times.

A Diener Electronic “Pico” plasma cleaner (2007) can be
used to generate the oxygen plasma from a 54 kHz excitation
in an atmosphere contaiming 0.2 mbar of oxygen. Images
representing the surfaces before and after the oxygen plasma
etch (1.e. Steps 1 and 2) are illustrated 1n SEM 1mage FIGS.
5A & B and FIGS. 6 A & B, respectively. FIG. 5 A shows an
SEM 1mage showing circular and rectangular shapes and
FIG. 5 B 1s an FIB image showing lines and a circular shape
patterned onto a diamond surface. FIGS. 5A & B illustrates
images of diamond surfaces after Step 1, the Ga™ ion beam
patterning and before the oxygen plasma etching.

The images shown 1n FIGS. 6 A and B are close up images
of ‘boxes’ 1n FIG. 5A and B respectively after plasma etching.
FIG. 6 A shows that shapes have formed approximately 150
nm 1n height and accurately reflect the rectangular shaped
exposure that was applied to the surface with the FIB atter the
plasma etching. Similarly, FIG. 6 “B” shows line scans with
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widths of approximately 30-40 nm that accurately reflect the
dimensions of the initial FIB line scan. This demonstrates that
the resolution limiting factor in this process 1s the dimensions
of the line scan. Here, extremely high resolution lines of 30
nm width and 100 nm pitch have been formed. It can be seen
that the nano-structures formed are well defined smooth ver-
tical side walls and sharp corners at the edge of masked
regions are produced. In addition, extreme surface smooth-
ness of the masked regions 1s obtained along with a height to
width aspect ratio of approximately 2:1 leading to deep chan-
nels between 100 nm pitch lines. In can be seen 1n these
figures that the etched surface regions are left with a grassy
roughness, that affects the top side and local side wall quality.
This 1s a well known eflfect during pure oxygen plasma treat-
ing of diamond and can be completely eliminated by 1ntro-
duction of additional gases during the etch step, for example
using a process disclosed 1 a paper by Ando Y., Nishibayashi
Y., Kobashi K., Hirao T., Oura K., “Smooth and high-rate
reactive 1on etching of diamond”, Diamond and Related
Materials 11 page 824 (2002). It will be appreciated that other
gases can be included 1in the oxygen plasma, for example CF4,
C2F6 and SF6 to remove this roughness.

It will be further appreciated that in the context of the
present invention a hard mask 1s a material used 1n semicon-
ductor processing as an etch resistant mask 1n lieu of polymer
or other organic “soit” materials. The 1dea 1s that polymers
tend to be etched easily by oxygen, tfluorine, chlorine or other
reactive gases to the extent that a pattern defined using poly-
meric mask 1s rapidly degraded during plasma etching.

It will be appreciated that the application of the technique
can be used to solve a diverse range of problems, 1n the field
of nano-imprint lithography. Other areas where the invention
can be applied are for optically mvisible diamond marking/
identification, or for introducing optical effects into surfaces,
Micro-electro-mechanical systems (MEMS) or Photonics for
use as waveguides. The invention can have many applications
in the personal marking of jewellery items, for example
names, significant dates (like anniversaries) etc and can be
applied to any gemstone/precious stone surface, for example
sapphire, ruby, emerald and opal. The patterns (especially
nano-patterns ) can prove to be an effective way of identifying,
stolen jewellery. The application of the present invention can
provide security tags that are invisible to the human eye.

It will be further appreciated that another commercial
application for a patterned diamond surface would be as a
stamp for nano-imprint lithography or embossing of nano/
microelectronic circuits. Such a process would have several
advantages in that the patterns themselves would be adaptable
to well established techniques of 1on beam patterning and
lithography. The stamps would be highly robust and resistant
to wear or mechanical failure compared to current generation
silicon or nickel stamps as they are made from the hardest
known material, diamond. The nano-structures have unique
thermal properties in that during thermally assisted NIL they
will also resist fidelity degradation arising from thermoelastic
strains (thermal fatigue) and efficiently deliver heat due to the
high thermal conductivity of diamond, hence making the
structures 1deal for embossing. The nano-structure stamp pat-
terns are highly reproducible making the process suitable for
high throughput manufacture of such circuaits.

In the context of the present invention Ga+ ions are
described, 1t will be appreciated that other 1on exposure can be
used 1n order to provide the mask effect, for example He+
101S.

In a further embodiment of the invention, the patterned
carbon based or hard surface comprises applications in bio-
medicine and biomedical devices. Diamond and DLC are
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biocompatible materials suitable for implants 1n the human
body compared to metal. The technique of the present inven-
tion can be used to form nano-scaled to millimeter scaled
patterns on the surfaces of medical devices for implanting in
the human body, such as joint replacements in the hip and
clsewhere, dental implants, arterial stents, and other
implanted devices. Patterns formed at the nanoscale on car-
bon based surfaces using the process of the present invention,
including in particular the 10-100 nm scale, can be used to
promote or inhibit the adhesive binding of live cells, organ-
isms, or other biological objects 1n the body, such as bone
forming osteoblasts. This can allow implants that promote
natural scaffold formation in the body where needed, or avoid
unwanted build-up of biomaterial in regions such as flow
channels like arteries and veins.

The embodiments in the invention described, and with
reference to the drawings, comprise a computer apparatus
and/or processes performed 1n a computer apparatus to con-
trol the patterning process according to the present invention.
However, the mvention also extends to computer programs,
particularly computer programs stored on or 1n a carrier
adapted to control the process according to the present mnven-
tion. The program may be 1n the form of source code, object
code, or a code intermediate source and object code, such as
in partially compiled form or 1n any other form suitable for
use 1n the implementation of the method according to the
invention. The carrier may comprise a storage medium such
as ROM, e.g. CD ROM, or magnetic recording medium, e.g.
a tloppy disk or hard disk. The carrier may be an electrical or
optical signal which may be transmitted via an electrical or an
optical cable or by radio or other means.

The mvention 1s not limited to the embodiments hereinbe-
fore described but may be varied in both construction and
detail.

The invention claimed 1s:

1. A process of patterning nano-structures on a diamond or
carbon based surface comprising:

exposing part of said surface to an energetic 1on flux using,

He™ or Ga™ or other 1ons, such that material properties of
the exposed surface are modified to provide a hard mask
elfect at the surface, without removing substantially any
material from the exposed surface;

etching unexposed parts of the surface to form nano-struc-

tures, wherein said step of etching uses a plasma at room
temperature;

wherein said hard mask effect 1s formed on said surface by

energetic conversion of sp3 carbon bonds to lower
energy state sp2 bonds at the surface; and

wherein the carbon based surface 1s selected from the

group consisting of: polycrystalline diamond, nanocrys-
talline diamond, chemical vapour deposited (CVD) dia-
mond, or diamond-like carbon (DLC).

2. The process of claim 1 wherein the He™ or Ga™ or other
ion exposure alters the structure of the top of said carbon
based surface to provide the hard mask effect to all the surface
subject to the exposed pattern, without substantially remov-
ing any material from said surface.

3. The process of claim 1 comprising the step of controlling,
the He™ or Ga™ or other 1on exposure to alter the crystal and/or
atomic structure of the top of the carbon based surface to
provide a negative mask.

4. The process as claimed in claim 3 wherein the atomic
structure of said carbon based surface swells 1n response to
said He™ or Ga™ or other ion implantation, to produce said
negative mask.

5. The process as claimed in claim 1 wherein 1n response to
said Ga™ or other ion exposure forms a layer of oxide com-
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prising metal oxide on said exposed carbon-based surface to
form a negative mask to provide said hard mask effect.

6. The process of claim 1 wherein said step of exposing
uses Focussed Ion Beam (FIB) exposure.

7. The process of claim 1 wherein said step of etching uses
an oxygen or argon plasma.

8. The process as claimed 1n claim 1 wherein the plasma 1s
produced by a Reactive Ion Etch (RIE) or an Inductively
Coupled Plasma (ICP) or a barrel asher.

9. The process as claimed in claim 1 wherein the plasma
ctching consists of a mixture of oxygen and tetrafluo-
romethane (CF,), oxygen and hexafluoroethane (C,F), or
oxygen and sulphur hexafluoride (SF ) plasma.

10. The process as claimed 1n claim 1 wherein the He™ or
Ga™ or other 10n exposure implants He™ or Ga™ or other ion
ions 1n the top layer of the surface.

11. The process of claim 10 wherein the He™ or Ga™ or other
1ion 10ns are implanted 1n the surface up to a depth of approxi-
mately 5 to 30 nm.

12. The process as claimed in claam 1 wherein the 1on
exposure uses an approximately 30 kV He™ or Ga™ or other
ion FIB accelerating voltage or lower.

13. The process of claim 1 wherein the 10n exposure com-
prises a FIB 1on beam having a spot size of less than 10 nm.
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14. The method of claim 5, wherein the metal oxide 1s
gallium oxide or 1ron oxide.
15. The method of claim 1, wherein the hard mask 1is
formed 1n the absence of a reactive atmosphere.
16. A process of patterning nano-structures on a diamond
or carbon based surface consisting of:
exposing part of said surface to an energetic 10on flux using
He™ or Ga™ or other 10ns, such that material properties of
the exposed surface are modified to provide a hard mask
clfect at the surface, without removing substantially any
material from the exposed surface;
ctching unexposed parts of the surface to form nano-struc-
tures, wherein said step of etching uses a plasma at room
temperature;
wherein said hard mask effect 1s formed on said surface by
energetic conversion of sp3 carbon bonds to lower
energy state sp2 bonds at the surface; and
wherein the carbon based surface 1s selected from the
group consisting of: polycrystalline diamond, nanocrys-
talline diamond, chemical vapour deposited (CVD) dia-

mond, or diamond-like carbon (DLC).

¥ o # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

